Abstract: Electromechanical oscillations in power systems have been observed ever since synchronous generators were interconnected to provide reliability and higher generation capacity, and they have become a severe threat for the safe and economic operation of modern interconnected power grids. To dampen these oscillations, wide-area damping controllers (WADCs) have been introduced by utilizing wide-area measurement systems and synchronized phasor measurement units. In this paper, we present a systematic approach for designing WADCs using a model predictive control (MPC) technique to damp interarea oscillations in the power system. The MPC controller computes optimal control signals for the excitation system of a remote generator where it will supplement the local power system stabilizers that are used as damping controllers. The performance of the proposed approach has been assessed on the IEEE 16-generator 68-bus test system, and it is shown that the interarea oscillations can be effectively and robustly damped under varying operation conditions.
Introduction
For stable and secure power system operation, the damping of electromechanical oscillations between interconnected generators is of immense importance [1] . If not damped out quickly, these oscillations may result in line tripping, network splitting, generator outages, and even blackouts [2] . The electromechanical oscillations that pose a threat to the power system can be characterized in two main groups: local mode and interarea mode. Oscillations with frequencies of 0.7 to 2.0 Hz [3] are specified as local mode, and they occur when a generator is oscillating against the remainder of the system. The characteristics of these oscillations are well understood and solutions to their stability problems are available.
Interarea mode oscillations, however, are between a group of generators, and they occur in the frequency range of 0.1 to 0.7 Hz [3] . The characteristics of these modes are far more complex to analyze and control.
Heavy power transfer across weak tie-lines or high-gain exciters are the main cause of interarea oscillations [3] . Multiple dominant interarea modes are commonly observed in large power systems. These modes exist because of the dynamics of power transfer and they are associated with groups of generators oscillating against each other. The interarea mode oscillations hamper the power transfer capacity of the regions containing the groups of coherent generators [4] .
Unstable oscillations caused by interarea modes have been commonly observed in actual power systems [5, 6] , including the 2003 blackout in the United States and Canada, where a severe oscillation of 0.4 Hz [7] brought down an entire power system. The traditional control approach in use today to damp these oscillations is to employ classical local power system stabilizers (PSSs). These devices are effective in damping local modes by supplementing control action through the generator excitation system. PSSs have limited effectiveness in damping interarea modes, because these controllers are single-input single-output, use local inputs, and are not coordinated [8] . These local controllers make use of a linear model with fixed parameters and capture the system behavior around a particular operating point. Thus, these conventional local controllers are usually valid around only this point. However, power systems exhibit dynamically varying generation and load characteristics in a wide operating space. In addition, some operating conditions may render the interarea mode uncontrollable and/or unobservable from a particular area [9] . This leads the local PSSs to lack observation of interarea modes and hence become ineffective in damping that mode. Recently, wide-area control systems (WACSs) have been gaining attention in effective damping of interarea oscillations. The recent advancements in wide-area measurement systems (WAMSs) [10, 11] use phasor measurement units (PMUs), which are based on a global positioning system and provide accurate and time-synchronized measurement of crucial power system variables such as angle, frequency, voltage, and current. Therefore, the WAMS enables development of WACSs that rely on such data.
A WACS usually requires some form of a WAMS communication link between generators and the control station to collect system data and broadcast control signals [12] . The operational flexibility provided by the WACS typically justifies the installation of a WAMS. Early wide-area damping controllers (WADCs) were designed in [9] , and it was concluded that when wide-area signals are coupled with local controllers, the transient performance of the power system can be improved against the interarea oscillations. In [13] , the authors proposed a hierarchical wide-area control structure, where wide-area control signals are added to local PSS signals to dampen both local and interarea modes. Tuning of the multilayer controller structure was posed as a sequential optimization problem. In [14] , a linear matrix inequality was formulated to synthesize a mixed H 2 /H ∞ output-feedback controller for wide area damping.
In this paper, we develop a model predictive control (MPC) approach [15] for damping wide-area oscillations. MPC is suitable for the wide-area problem thanks to its ability to handle multivariable systems with constraints in a systematic way. Several other applications of MPC in wide-area control have been reported in the literature [16, 17] . The major limitation in those applications, however, is their large computational load due to large state-space models. As a result, their slow optimization time may limit their applicability to fast power systems dynamics. In this paper, however, we derive the input-output prediction model equations offline and obtain a fast optimization solution. Thus, we can employ a detailed power system model to capture the system dynamics more accurately while obtaining optimal results fast.
The organization of the paper is as follows: Section 2 states the problem formulation, while Section 3 gives details of the MPC wide-area control design. Simulation results are presented in Section 4, followed by concluding remarks in Section 5.
Problem formulation
In power systems, the synchronous generators serve as the primary source of electrical energy. The stable operation of the power system also relies on other components including excitation systems, governors, power system stabilizers, and the loads. The main objective of the controllers designed for power system stability is to ensure robust synchronization of the interconnected generators. In this paper, we used a sixth-order subtransient model for the generator, as described in [3] . The nonlinear equations that describe the generator rotor angle, speed, and power dynamics are as follows:δ
where δ is the rotor angle, ω is rotor frequency, ω s is the synchronous frequency, J is the moment of inertia, T m is the mechanical torque, T e is the electromechanical torque,D is the damping coefficient, E is the quadratureaxis internal emf, P G and Q G the active and reactive power of the generator, and V and θ are the voltage and phase at the generator bus. The details of the generator parameters, the regulating devices (exciter, governor, PSS), and the loads are omitted due to lack of space and the reader is referred to [3] for details. The overall model including the synchronous generator along with the associated regulating devices has 15 state variables for each synchronous machine.
Our objective in this paper is to develop an optimal control strategy to damp the interarea oscillations as quickly as possible after a disturbance. In other words, we want to achieve convergence of the generator rotor frequency ω to the synchronous frequency ω s to prevent excessive power swings across the network. We achieve this by adding a supplementary MPC control signal on top of the existing PSS (through the T e signal), as described in the next section.
MPC wide-area control design

MPC wide-area damping controller architecture
In a typical power system, local PSSs perform well in damping local oscillation modes, while they have limited performance in handling interarea mode oscillations. Thus, the damping of these interarea oscillations should be increased by a wide-area controller. The wide-area controller utilizes wide-area measurements and that provides a supplemental signal to the local PSS. Figure 1 illustrates the MPC wide-area control scheme that is used in this paper.
In real time, critical signals that capture the state of the system are measured by PMUs and are sent to the MPC controller via the WAMS. These state measurements,x (t) are collected at discrete measurement times ∆t . If a particular signal is not available, a state estimator would normally be needed. The MPC then predicts the system evolution with the help of its dynamic model, computes the optimal control signals (u) over a chosen control horizon N c , and sends these signals to each generator excitation system. The operation of the MPC controller is described as follows. At every control step, data from measurements (or from state estimation algorithms) are acquired to obtain the most current representation of system dynamics. A system model is then called repeatedly to predict the dynamics and constraints within a time window of several minutes, while a constrained optimization problem is solved to obtain the optimal actuator set-points that minimize the defined objective, and is compliant with the operating constraints within the prediction window. Then the first set of the optimal set-point values is sent as a reference to the actuators. Finally, a new set of measurements is acquired and the whole process is repeated for the subsequent control steps. These steps are illustrated in Figures 2 and 3. 
Controller Synthesis
The power system is modeled with the MATLAB Power System Toolbox (PST). Time-domain simulations are done with the s simu package in the PST, while small signal stability analysis package svm mgen from the PST is used to linearize the full-order model described in Section 2. The continuous time linear model can shown as:ẋ where x ∈ R mx , u ∈ R mu , and y ∈ R my are the state, input, and output vectors, respectively. In our design, the MPC wide-area signals are added to each generator excitation system as a supplementary control input
where n is the number of generators controlled by the MPC controller. Eqs. (6) and (7) are then discretized using a sufficiently small time step ( ∆t = 0.1 s in our case) to obtain the discrete-time dynamics:
At time k, a measurement (or estimation) of the current system statex(k) is obtained. Next, by usingx(k) as the initial state, Eqs. (8) and (9) 
where,
Based on the above closed-form prediction equations (Eqs. (10) and (11)), our MPC controller computes the predicted state and output trajectory very fast. Given a particular cost function to minimize, the optimal input sequenceû[k + i|k] is then computed while satisfying Eqs. (10) and (11) as constraints. In the MPC control scheme, we have two main objectives. First, we want the output signal to follow a reference trajectory, and secondly we want to achieve this with minimal change input signals so as to avoid large input oscillations. To this effect, the cost function we use in this paper is given in Eq. (12) below:
The mismatch between the outputŷ[k + i + 1|k] and the desired reference output trajectory
as well as the variation in input sequence ∆û[k + i + 1|k] is penalized. In general, the reference trajectory may be some predetermined trajectory fed to the controller by the system operator.
There are quite a number of successful optimization packages that can solve the quadratic programming problem stated in Eq. (12) . In this paper, we employ the MATLAB platform. At time step k , the control input sequenceû[k + i|k] is obtained as the solution of the optimization problem. The first entry in this control sequence (û[k|k]) is sent to the excitation system of the generators for implementation. At the next time step k + 1 , the state of the system is measured (or estimated) asx (k + 1) , the optimization is repeated with this new updated state information, and the cycle continues.
Remark Tuning of the MPC design parameters is of immense importance for a well-posed optimization problem and a satisfactory controller performance [18] . The prediction horizon, N P , should be selected to include all significant dynamics; otherwise, the performance may be poor and important events may be unobserved. The prediction horizon should be greater than the control horizon and the settling time combined. Increasing the control horizon, N C , makes the controller more aggressive and increases computational effort; typically, 5 ≤ N C ≤ 20 is suggested in the literature [18] . The control horizon should capture the anticipated transient duration. The weighting matrices W y and W ∆u are typically diagonal with the largest elements corresponding to the most important variables. In the output weighting matrix W y , the most important variables should be given the largest weights. In the input weighting matrix (move suppression matrix) W ∆u , increasing the values of weights tends to make the MPC controller more conservative by reducing the magnitudes of the input moves. Thus, increasing W ∆u slows down the response but enhances transient oscillations.
Simulation results
We test our MPC controller on the IEEE 16-machine, 68-bus test system as shown in Figure 4 . Generators G1 to G9 represent the New England Test System (NETS) while generators G10 to G13 represent the generation of the New York Power System (NYPS). Three neighboring areas connected to the NYPS are represented by G14 to G16. All the generators use a subtransient model, with local power system stabilizers installed on G1 to G12 with rotor speeds as input. 
Full-order model and small signal analysis
Generators 1 to 12 have 15 states while generators 13 to 16 have 9 states, bringing the total number of generator states to 216. There are 33 states for active load modulation and another 33 for reactive load modulation, which brings the total number of states for the whole test system to 282. The small signal analysis reveals that there exist few local and interarea modes with damping ratio less than 5%. Figure 5 shows the plot of frequency against damping ratio of the system's modes.
As shown in Table 1 , modes 1 and 2 are interarea modes while modes 3, 4, and 5 are local modes. Note that local modes appear even though PSSs were installed. This is a typical behavior of very large and complicated power systems. Because these modes have large frequencies, however, they will decay quickly. Thus, their effect is not of concern despite their low damping ratios, and supplementary damping to these modes is not necessary. The eigenvector associated with a mode indicates the relative change in the states that would be observed when the mode of oscillation is excited. Figure 6 shows the compass plot of rotor angle terms of the interarea mode eigenvector and confirms that mode 1 (0.4618 Hz) is an interarea mode, since aggregate generators in areas 3, 4, and 5 are oscillating against generators in areas 1 and 2. We thus conclude from small signal analysis that our test system has 2 lightly damped interarea modes of 0.1392 ± j2.9016 and −0.1118 ± j4.1638 with frequencies of 0.4618 Hz and 0.6634 Hz, respectively. 
Controller synthesis
The dynamic model used in MPC has 282 state variables ( x) and 16 output variables (y) of angular speeds, with reference y r (= 1 pu). The control signal u comprises 12 supplementary inputs to the excitation system of generators G1 to G12. Constraints are imposed on the control signal u as −0.1 ≤ u ≤ 0.1 . These constraints were imposed on the MPC wide-area signal to avoid an excessive interference between wide-area damping control and the local control provided by PSS. For the proposed MPC controller, the desired response was achieved by setting the control parameters as in Table 2 . Note that the weights of output signals to generators 13 to 16 are set to zero because MPC signals were not sent to these generators since they are a group of aggregated generators. 
Simulation results
The performance of the MPC controller is tested under the following two disturbance scenarios: 1) an impulse signal at the input mechanical torque of generator 12, and 2) an impulse signal applied to the exciter reference voltage of generator 12.
Simulation scenario 1:
In Scenario 1, an impulse type disturbance signal is applied to the mechanical torque of generator 12. in the generators work on subsecond time scales and can generate and actuate fast variations in the exciter voltages with high resolution. Even though Figure 9 suggests fast time scales and continuous values in input dynamics, the present infrastructure has the capacity to implement the supplementary input signals as in Figure  9 . Figure 10 shows the speed deviation of generator 1 with and without MPC WADC and clearly reveals the improved performance by the proposed MPC wide-area controller. 
Simulation scenario 2:
In this case scenario, the disturbance used is an impulse signal applied to the exciter reference voltage of generator 12 ( Figure 4 ) in order to excite the interarea oscillations. Figure 11 shows the simulated response over a period of 25 s. When no MPC wide-area controller is used, a sustained, slowly damped oscillation is observed. Next, the same MPC wide-area controller of case scenario 1 was introduced in order to investigate the robustness of the designed controller; Figure 12 shows a response over a period of 25 s. Compared with the system response without MPC controller (Figure 11 ), it is observed that the MPC WADC damps the interarea oscillations efficiently (settling time is reduced to approximately 5 s). This proves that the designed controller is robust and can damp oscillations generated by a variety of disturbances.
Conclusions
In this paper a systematic procedure of designing a WADC using the MPC technique to damp interarea oscillations in a power system is presented. At each control time step, the controller solves a quadratic programming problem to compute an optimal input sequence and then sends these signals to the excitation system of a remote generator, where it will supplement the local damping controllers. Power system stabilizers were used as local damping controllers in this paper. The effectiveness and robustness of the proposed MPC controller for a wide-area damping scheme have been verified on the IEEE 16-generator 68-bus test system. Simulation results reveal that the proposed controller effectively damps interarea oscillations under varying operating conditions and different disturbances.
